The strength of B cell antigen receptor (BCR) signaling is critical for the commitment of B cells to proliferation and differentiation into plasma cells 1, 2 . BCR crosslinking by antigen results in the activation of receptor proximal protein tyrosine kinases, such as Syk (A000040) and the Src-family kinase Lyn, and the rapid phosphorylation of several protein tyrosine kinase substrate proteins, including Btk, phospholipase-Cγ2 and phosphatidylinositol-3-OH kinase, which propagate signaling through protein kinase C, the kinase Akt (A000249) and Ca 2+ mobilization 3,4 . However, BCR stimulation also results in recruitment of negative regulators such as the tyrosine phosphatase SHP-1 (A002156), which binds to phosphorylated immunoreceptor tyrosine-based inhibitory motifs on CD22 (ref.
The strength of B cell antigen receptor (BCR) signaling is critical for the commitment of B cells to proliferation and differentiation into plasma cells 1, 2 . BCR crosslinking by antigen results in the activation of receptor proximal protein tyrosine kinases, such as Syk (A000040) and the Src-family kinase Lyn, and the rapid phosphorylation of several protein tyrosine kinase substrate proteins, including Btk, phospholipase-Cγ2 and phosphatidylinositol-3-OH kinase, which propagate signaling through protein kinase C, the kinase Akt (A000249) and Ca 2+ mobilization 3, 4 . However, BCR stimulation also results in recruitment of negative regulators such as the tyrosine phosphatase SHP-1 (A002156), which binds to phosphorylated immunoreceptor tyrosine-based inhibitory motifs on CD22 (ref. 3) . SHP-1 activity counterbalances protein kinase activity and is important for regulating BCR signaling, as exemplified by the hyper-reactive phenotype of SHP-1-mutant mice 5 . Therefore, initiation and transmission of the BCR signaling cascade requires not only activation of kinases but also inhibition of protein tyrosine phosphatases (PTPs) 6 . PTPs have a cysteine residue in their catalytic site that can be reversibly oxidized by reactive oxygen species (ROS) 6 , such as oxygen anions and radicals (O 2 •− and OH • ), or milder oxidants, such as hydrogen peroxide (H 2 O 2 ). ROS are actively produced by B lymphocytes after BCR stimulation [7] [8] [9] , and their production is similar to the oxidative burst of phagocytic cells required for microbial killing, although it is at most one-tenth the amplitude in phagocytes [7] [8] [9] [10] [11] . ROS are produced in B lymphocytes by the same enzymatic complex as in granulocytes, NADPH oxidase; in support of this are the findings that ROS production in B cells is diminished by the NADPH oxidase inhibitor diphenyleneiodonium (DPI) 8 and that B cells from patients with chronic granulomatous disease, characterized by inherited mutations in genes encoding NADPH oxidase components, show the same defect in ROS production as their granulocytic cells do 12 . B lymphocytes express all components of the NADPH oxidase found in granulocytes: gp91 phox , p22 phox , p47 phox , p67 phox and p21 rac (ref. 13) . ROS have been shown to induce sustained tyrosine phosphorylation and subsequent B cell activation in vitro 11, 14 , but evidence for a direct role for ROS in B cell activation in vivo has been lacking.
HVCN1 was identified as a mammalian voltage-gated proton channel through database homology searches 15, 16 . It belongs to a family of voltage-sensor proteins 17 that contain the voltage-sensor domain of voltage-gated ion channels but lack a pore-forming domain. Voltage-sensitive proton conductance is required for the oxidative burst of phagocytic cells, as the electrogenic action of the transmembrane NADPH oxidase complex consumes NADPH and oxygen to generate superoxide. The prevailing view is that without the charge compensation provided by proton currents, the transport of electrons from intracellular NADPH to extracellular or phagosomal superoxide would rapidly depolarize the membrane and inhibit NADPH activity 18 . However, a large spike of acidification has been identified during phagocytosis in human and mouse neutrophils, and recovery from this requires functional HVCN1 (ref. 19) . When proton channels are inhibited with Zn 2+ in human neutrophils, or in HVCN1-deficient mouse phagocytes, the cytoplasmic pH drops to values that directly inhibit NADPH oxidase. This result raises the possibility that, independently of compensating charge, proton channels are required to keep the pH in a range that allows NADPH oxidase activity.
A r t i c l e s
Voltage-gated proton currents have been recorded in B lymphocytes 20 , but their role in these cells has remained elusive. In the present study we show that HVCN1 is expressed in B lymphocytes but not in T lymphocytes and has a role in B cell activation in vivo. HVCN1 associated with the BCR complex and was phosphorylated by protein kinase C after BCR stimulation. HVCN1-deficient B cells showed a defect in ROS production, which caused less signal transduction through impaired BCR-dependent oxidation of SHP-1. Although Ca 2+ mobilization and activation of the mitogen-activated protein kinase Erk were not diminished, activation of Syk and Akt was impaired, thus resulting in lower metabolism and proliferation. In vivo antibody responses in HVCN1-deficient mice were impaired, and the generation of chimeric mice confirmed a B cell-autonomous defect. This work demonstrates the importance of ROS in regulating BCR signal strength and elucidates a new role for voltage-gated proton channels in B cell function.
RESULTS

Expression of HVCN1 in B lymphocytes
HVCN1 was identified as a transmembrane protein during a proteomic study of plasma membranes purified from mantle cell lymphoma cells 21 . We observed abundant HVCN1 expression in resting, normal human peripheral blood B cells, similar to HVCN1 expression in granulocytes (Fig. 1a) . No expression was detectable by immunoblot analysis or immunohistochemistry in T cells (Fig. 1a,b , left) or in CD68 + macrophages in germinal centers (GCs; Fig. 1b, right) . Expression was similar in resting, peripheral naive and memory B cells (Fig. 1c) . However, primary B cells activated by CD154 in the presence of interleukin 4 (IL-4) downregulated HVCN1 within 24 h (Fig. 1d) . Similarly, human tonsils showed HVCN1 expression in naive, resting B cells in the follicular mantle but downregulated HVCN1 expression in proliferating cells in GCs (Fig. 1e) . We also found strong HVCN1 expression in a subset of diffuse large B cell lymphoma associated with lower proliferation (Supplementary Fig. 1a and data not shown) and in all cases of chronic lymphocytic leukemia (Supplementary Fig. 1b ). Together these data illustrate that HVCN1 expression correlates with a nonproliferative status in B cells, which suggests a requirement for HVCN1 during the initial phases of B cell activation.
Association of HVCN1 with the BCR As HVCN1 was found on the surface of B cells 21 , we sought to determine whether it was associated with the BCR, first assessing if they localized together in response to BCR stimulation by confocal microscopy, electron microscopy and subcellular fractionation methods. Antigen binding to the BCR, which can be mimicked by BCR crosslinking, results in receptor capping and subsequent internalization. Internalized antigen translocates to late endosomes-early lysosomes containing major histocompatibility complex class II molecules, called major histocompatibility complex class II loading compartments (MIICs). We crosslinked surface immunoglobulin M (IgM) on primary human B cells with fluorescein isothiocyanatelabeled F(ab′) 2 antibody to IgM (anti-IgM) and analyzed the subcellular localization of HVCN1 during BCR internalization by confocal microscopy. We monitored receptor internalization over 60 min looking at specific markers for MIICs, including the lysosomeassociated marker LAMP-1, HLA-DR and HLA-DM. In resting B cells, HVCN1 partially localized together with the BCR on the plasma membrane (Fig. 2a) . We also detected the channel in the cytosol, but at this stage, it did not localize together with markers for endosomes (EEA1; data not shown) or late endosomes-lysosomes (LAMP-1; Fig. 2a) . At 5 min after stimulation, BCR and HVCN1 were capped together on the plasma membrane (Supplementary Fig. 2a) . By 60 min, the BCR had internalized together with HVCN1 to MIICs, as indicated by colocalization with LAMP-1, HLA-DR and HLA-DM (Fig. 2a) .
We also confirmed translocation of HVCN1 to MIICs by electron microscopy with overexpressed HVCN1 in B cell lymphoma cells (Supplementary Fig. 2b ). To confirm that HVCN1 was translocating to MIIC compartments after BCR stimulation, we subjected Namalwa Burkitt lymphoma cells overexpressing HVCN1 to subcellular fractionation on a sucrose density gradient by ultracentrifugation after IgM crosslinking (Supplementary Fig. 2c ). This fractionation separates different organelles on the basis of their density. The less dense fractions contain endosomes (EEA1 + ), followed by plasma membrane, lysosomes and then mitochondria, Golgi and endoplasmic reticulum (distribution of LAMP-1 and HLA-DM in Namalwa cells at steady state, Supplementary  Fig. 2c, top) . These fractions did not correspond to HVCN1-containing fractions, as previously observed by confocal microscopy (Fig. 2a) . However, after BCR crosslinking and receptor internalization ( Supplementary Fig. 2c, bottom) , the lysosomal fractions containing the majority of LAMP-1 and HLA-DM corresponded to the fractions also containing HVCN1 (Supplementary Fig. 2c , red rectangle). 
A r t i c l e s
As we observed simultaneous translocation of HVCN1 and the BCR, we sought to determine whether there was an association between HVCN1 and the BCR complex. The BCR complex is composed of a membrane-bound immunoglobulin molecule and the immunoglobulin-associated-α-immunoglobulin-associated-β heterodimer, functioning as signaling subunit 22 . We initially analyzed the coimmunoprecipitation of HVCN1 and immunoglobulinassociated-β (CD79B) in mouse B cell lines expressing transgenic IgM receptors specific for hen egg lysozyme (HEL) 23 and overexpressing exogenous human HVCN1. Both HVCN1 immunoprecipitation (Fig. 2b, far left) and the reciprocal immunoprecipitation with immunoglobulin-associated-β (Fig. 2b, center left) confirmed an association between the two molecules. Stimulation of A20 B lymphoma cells expressing the D1.3 BCR (A20 D1.3 cells) with HEL did not alter the HVCN1-immunoglobulin-associated-β interaction observed at steady state (Fig. 2b, far left) . We confirmed the association of HVCN1 and BCR by mass-spectrometry analysis of proteins coimmunoprecipitated with exogenous HVCN1, which included both immunoglobulin-associated-β and IgM (Supplementary Table 1 ). Endogenous HVCN1 interacted with immunoglobulin-associated-β in human primary B cells (Fig. 2b, center right) and the human mantle cell lymphoma line GRANTA 519 (Fig. 2b, far right) , as shown by coimmunoprecipitation. The coimmunoprecipitation was specific for HVCN1, as another abundant transmembrane protein, CD20, was not associated with immunoglobulin-associated-β (Fig. 2b, far right) . B cell stimulation results in the activation of downstream signaling pathways 24 . A pivotal step is the activation of protein kinase C 24 . Exogenous HVCN1 expressed in the mouse B cell line LK35.2 HyHEL10 was phosphorylated in a protein kinase C-dependent manner after BCR crosslinking with the specific antigen HEL (Supplementary Fig. 3a ). Together these data suggested physical and functional interactions between HVCN1 and components of BCR signaling.
Impaired ROS production in HVCN1-deficient B cells
To investigate the function of HVCN1 in B cells in vivo, we studied a gene-trap mouse line lacking HVCN1 transcription 25, 26 ( Supplementary Fig. 4a-c) . Notably, HVCN1-deficient B cells lacked proton currents (Supplementary Fig. 4d ). HVCN1-deficient mice showed no overt abnormalities in either B cell development or steadystate serum immunoglobulin titers ( Supplementary Fig. 5 and data not shown), consistent with absent or low HVCN1 expression during early stages of B cell development 27 ( Supplementary Fig. 4c,e) .
As ROS are produced after BCR activation and proton channels are involved in NADPH oxidase-dependent ROS production 18 , we assessed whether ROS generation was impaired in B cells lacking HVCN1. Unexpectedly, HVCN1-deficient B cells had more basal ROS than did wild-type B cells (Supplementary Fig. 6a ). An inhibitor of the electron-transport chain, rotenone, diminished basal ROS in HVCN1-deficient cells to amounts similar to those seen in wildtype cells (Supplementary Fig. 6a ), which suggested a mitochondrial source. In contrast, an inhibitor of NADPH oxidase, DPI, did not diminish basal ROS (Supplementary Fig. 6a ), which confirmed that NADPH oxidase is not active in unstimulated B cells [7] [8] [9] [10] [11] . After stimulation, ROS production in HVCN1-deficient cells stimulated with phorbol 12-myristate 13-acetate was 70% lower than that in wild-type cells, and ROS production in HVCN1-deficient cells stimulated with F(ab′) 2 anti-IgM was 60% lower than that in wild-type cells (Fig. 3a) .
To assess whether BCR-dependent ROS were generated in the vicinity of the BCR and thus locally affected the redox state of phosphatases involved in BCR signaling, we stimulated wild-type and HVCN1-deficient B cells with an F(ab′) 2 anti-IgM conjugated to the ROS-sensitive fluorescent dye DCFDA. The DCFDA signal after stimulation was 62% lower in HVCN1-deficient cells than in wild-type cells (Fig. 3b) . To confirm that NADPH oxidase was responsible for BCR-dependent generation of ROS, we treated cells with DPI before activating them with DCFDA conjugated to F(ab′) 2 anti-IgM. We observed a lower signal in the A r t i c l e s presence of DPI in both wild-type and HVCN1-deficient cells (Fig. 3c) , which confirmed that ROS produced locally at the BCR were generated by NADPH oxidase. To further confirm that ROS required in BCR signaling were produced by NADPH oxidase, we treated B cells with DPI before BCR stimulation and assessed protein tyrosine phosphorylation. BCRdependent tyrosine phosphorylation was much lower when NADPH oxidase was inhibited (Supplementary Fig. 6b ). Together these data indicate that HVCN1 is needed to sustain NADPH oxidase-dependent production of ROS after BCR stimulation.
Impaired BCR signaling in HVCN1-deficient B cells
The initiation of signaling cascades downstream of the BCR requires inhibition of PTPs through ROS-dependent oxidation of their catalytic site 6 . Because the PTP SHP-1 is recruited to the BCR after activation 28 , we assessed SHP-1 oxidation in wild-type and HVCN1-deficient B cells after IgM crosslinking 29 . Oxidation of SHP-1 was augmented in response to BCR stimulation in wild-type cells, whereas we observed no notable increase in HVCN1-deficient cells (Fig. 3d) . Impaired SHP-1 inhibition was accompanied by an overall decrease in protein tyrosine phosphorylation, which was 'rescued' by the SHP-1 inhibitor sodium stibogluconate 30 (Fig. 4a) . This compound shows selectivity for SHP-1, SHP-2 and PTP1B, although the activity is different, as 99% inhibition of SHP-1 activity is obtained at a concentration of 13.4 µM, whereas similar degrees of inhibition of SHP-2 and PTP1B require a concentration of 134 µM (ref. 30) . As 99% inhibition of SHP-1 is achieved at a concentration of 13.4 µM, we used a lower dose of 5 µM to highlight differences between wild-type and HVCN1-deficient cells. Sodium stibogluconate did not affect ROS production (Supplementary Fig. 6c ). To confirm that impaired BCR signaling was not due to altered pH in the endosomes after loss of HVCN1, we assessed the pH of BCR-containing endosomes; both wild-type and HVCN1-deficient cells showed a similar time frame and extent of acidification (Supplementary Fig. 7a ).
Lower SHP-1 inhibition was also accompanied by less activation of a chief SHP-1 target, the tyrosine kinase Syk 31 (Fig. 4b, top) ; this effect was also 'rescued' by sodium stibogluconate (Fig. 4b, bottom) . Syk is involved in many signaling pathways downstream of BCR, leading to Ca 2+ mobilization and activation of the GTPase Ras and phosphatidylinositol-3-OH kinase 32, 33 . However, there was no decrease in Ca 2+ mobilization ( Fig. 4c and Supplementary Fig. 7b) , and activation of Erk was normal or even greater in the absence of HVCN1 (Fig. 4d) , which suggested either different thresholds for activation of this pathway or the existence of compensatory signals.
In contrast, activation of Akt was severely impaired in HVCN1-deficient cells and was also restored by treatment with sodium stibogluconate (Fig. 4e) . Akt controls cell-cycle progression as well as cellular metabolism, which allows greater metabolic demands in quickly proliferating cells to be met by greater energy production and synthesis of metabolites 34, 35 . We assessed mitochondrial respiration and glycolysis in B cells activated for 24 h with F(ab′) 2 anti-IgM, using the rates of oxygen consumption and extracellular acidification, a process dependent on the extrusion of lactic acid, as an indicator of glycolysis 36 . After BCR stimulation, cells lacking HVCN1 showed less oxygen consumption and lactic acid production than did wild-type cells (Fig. 5a) , which indicated impaired energy production in the absence of HVCN1. In contrast, stimulation with lipopolysaccharide or anti-CD40 did not produce any difference (Supplementary Fig. 7c,d ) and did not induce ROS production in splenic B cells (Supplementary Fig. 7e ). Consistent with a defect in cellular metabolism, HVCN1-deficient B cells showed less proliferation in vitro after stimulation with F(ab′) 2 anti-IgM, as assessed by staining with the cytosolic dye CFSE (Fig. 5b,c) . In contrast, there were no differences in cells stimulated with lipopolysaccharide or with anti-CD40 plus IL-4 ( Supplementary Fig. 8) . These results suggest a role for HVCN1 in supporting proliferation and metabolism in BCR-dependent B cell activation. 
A r t i c l e s Defective antibody responses in HVCN1-deficient mice
The impaired in vitro activation of HVCN1-deficient cells suggested a defect in B cell function in vivo. Although B cell development was not affected in the absence of HVCN1, an in vivo defect in B cell responses was demonstrated in HVCN1-deficient mice challenged with two different immunogens. Antigen-specific immunoglobulin titers were lower in HVCN1-deficient mice than in their wild-type counterparts after immunization with the T cell-independent type 2 antigen NP-Ficoll (4-hydroxy-3-nitrophenylacetyl linked to the polysaccharide Ficoll) or the T cell-dependent antigen NP-KLH (4-hydroxy-3-nitrophenylacetyl linked to keyhole limpet hemocyanin; Fig. 6 ). The former specifically induces an extrafollicular plasmablast response, whereas the latter induces GCs as well as extrafollicular plasmablasts. The response to NP-Ficoll was lower in HVCN1-deficient mice, in serum titers of both IgM and IgG3 A r t i c l e s (Fig. 6a) . The NP-KLH response showed defective isotype class-switch responses at all time points investigated (Fig. 6b,c) , whereas antigenspecific IgM titers were unaffected (Fig. 6b, left) . Isotype class-switching in this type of T cell-dependent response can occur both in GCs and during an extrafollicular response. Conversely, antibody affinity maturation was not impaired in HVCN1-deficient mice (Fig. 6d) , which indicated that the immunoglobulin variable-region gene hypermutation and selection of high-affinity B cells that take place in the GCs 37 occurred normally in the absence of HVCN1. Quantitative immunohistology of spleens from mice immunized with NP-KLH showed a diminished extrafollicular response but confirmed the unaltered numbers and sizes of NP-specific GCs (Fig. 6e) , which further indicated that GC formation was not affected by the absence of HVCN1.
B cell-autonomous defect in antibody responses
As HVCN1 expression was not restricted to B cells in the gene-trap line, we addressed whether impaired antibody production was intrinsic to B cells by generating chimeric mice; for this, we transferred either wild-type or HVCN1-deficient bone marrow cells (20%) along with µMT bone marrow cells (80%) into lethally irradiated µMT mice (whose µMT mutation prevents the generation of B cells) 38 . Both groups of chimeras had similar proportions and numbers of B cells, CD4 + T cells and CD8 + T cells (data not shown), which confirmed the lack of effect of HVCN1 deficiency on early B cell development. In response to NP-KLH, HVCN1-deficient-plus-µMT chimeras had lower production of IgG1 and IgG2b antibodies than did wild-type-plus-µMT chimeras (Fig. 7a) and had fewer antigen-specific IgG1 plasmablasts in the spleen (Fig. 7b) A r t i c l e s crosslinking than are their wild-type counterparts. We have summarized the role of HVCN1 in B cell activation (Supplementary Fig. 9 ).
DISCUSSION
Voltage-gated proton channels have high expression in phagocytic cells, where they are necessary for NADPH oxidase-mediated production of ROS 18 . The generation of ROS in phagocytes is required for microbial killing and takes place at the plasma membrane; ROS are first released into the extracellular milieu, then are subsequently released in the phagosome once the microbial particle has been internalized. A similar process of antigenic internalization takes place in B cells when the BCR is engaged; this involves BCR crosslinking, followed by internalization to endosomal compartments. Like phagocytic cells, B cells show NADPH oxidase-dependent production of ROS after stimulation 7, 8, 12 . There is increasing evidence that ROS are required in signaling downstream of BCRs as well as other receptors 39 .
We have reported here the expression and function of the voltagegated proton channel HVCN1, which we have shown to control ROS production after BCR stimulation in mature B cells. HVCN1 is associated with the BCR; however, the precise physical nature of the association of HVCN1 with the BCR remains unknown. We cannot exclude the possibility that the involvement of HVCN1 in B cell signaling includes interactions beyond proton permeation. Additional functions have been observed for other voltage-gated ion channels 40 , and further studies are needed to address this point for HVCN1. HVCN1 modulates the amount of ROS produced in B cells subsequent to BCR activation, and this has profound effects on downstream activation events. ROS have been shown to oxidize the cysteine residue (-SH) in the catalytic site of phosphatases that negatively regulate signaling 41 . This transient oxidation to a sulfenic acid (-SOH) allows a shift in the balance between kinases and phosphatases in favor of kinases, which permits initiation and/or propagation of the signaling cascade 6 . Given the results of our study, it seems that oxidation is needed to sustain signaling activation, as exemplified by the lower activation of Syk and Akt by 5 min after BCR crosslinking. The initial phases of BCR activation were probably not affected in the absence of HVCN1, as phosphatases such as SHP-1 need to be recruited to the membrane. Furthermore, some BCR-dependent production of ROS did take place in HVCN1-deficient B cells. This production allowed some initial oxidation of phosphatases and initiation of signaling, but lack of HVCN1 resulted in loss of sustained oxidation or inhibition, ultimately resulting in less overall signaling.
A difficulty in understanding the effect of ROS on phosphatases is the broad distribution of ROS in the cell, which makes it difficult to distinguish BCR-dependent production of ROS from other sources, such as mitochondria. Unexpectedly, HVCN1-deficient B cells had more total basal ROS. The considerable decrease in basal ROS after treatment with rotenone, an inhibitor of the mitochondrial electron-transport chain, suggested a mitochondrial origin. Because of the higher basal ROS in HVCN1-deficient cells, we designed a new strategy to assess ROS production locally in the vicinity of BCR, using an F(ab′) 2 anti-IgM conjugated to DCFDA to stimulate the cells. The area of diffusion of these ROS is probably restricted because of the scavenging activities of glutathione, thioredoxin and reducing enzymes in the cytosol 42 . This localized production of ROS would then exert an effect only on phosphatases present at the BCR.
SHP-1 is recruited to the BCR through interaction with CD22, where it becomes oxidized; its oxidation was lower in HVCN1-deficient cells after BCR stimulation. We also observed greater basal SHP-1 oxidation in HVCN1-deficient cells. As the source of the greater basal ROS was probably mitochondrial, the oxidized SHP-1 observed in HVCN1-deficient cells may have represented the pool of cytosolic SHP-1 exposed to this source, whereas SHP-1 recruited to the membrane after stimulation was not affected, as indicated by the finding that the initial strength of BCR activation (phosphorylated tyrosine, Syk and Akt at the 1-min time point) was identical in both wild-type and HVCN1-deficient cells. Downstream of SHP-1, there was severe impairment in the activation of Syk and Akt in HVCN1-deficient cells. However, not all Syk downstream signaling pathways were equally impaired. Ca 2+ mobilization and Erk activation were not impaired in the absence of HVCN1, possibly indicating that different thresholds of activation exist for different pathways downstream of Syk. Activation of Erk and Ca 2+ can be impaired in the presence of normal Syk activation 43 , which suggests that other components along the pathways contribute to their overall activation. We observed more phosphorylated Erk in HVCN1-deficient cells at low concentrations of anti-IgM; however, this did not 'rescue' the defect in B cell activation. Akt is known to inhibit the Raf-Erk axis 44 , and phosphatidylinositol-3-OH kinase inhibition results in more Erk phosphorylation, at least in certain conditions 45 . Akt activation stimulates both glycolysis and mitochondrial respiration 46 and has been shown to regulate glycolysis in activated B lymphocytes 35 , but little is known about the precise molecular mechanism of this regulation and further studies are needed to clarify the role that oxidative phosphorylation might have in B lymphocyte activation. Metabolic processes are emerging as new potential targets for the treatment of cancer, including lymphoid malignancies 47 . Inhibition of HVCN1 and the downstream consequences on cellular metabolism might therefore constitute a new strategy for targeting BCR-dependent lymphoid tumors as well as autoimmune diseases characterized by hyper-reactive BCR signaling.
In conclusion, our data have identified a central role for the voltage-gated proton channel HVCN1 in modulating not only BCR signaling but also downstream B cell metabolism. Our data constitute the first evidence to our knowledge that proton currents are required for the generation of B cell responses in vivo. HVCN1 regulation of BCR-mediated production of ROS allows sustained activation of Syk and Akt downstream of BCR, through SHP-1 oxidative inhibition, which results in more mitochondrial respiration Immunoprecipitation. Cells were lysed for 15 min on ice in a solution of 1% (wt/vol) CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate hydrate), 20 mM HEPES, pH 7.6, 137 mM NaCl, 2.5 mM NaF, 1 mM Na 3 O 4, 2 mM EDTA and a protease inhibitor 'cocktail' (Sigma-Aldrich). After pelleting of nuclei and cell debris, supernatants were cleared with protein G Sepharose beads (GE Healthcare) and/or protein G Sepharose beads conjugated to mouse or rat IgG (Santa Cruz Biotechnology) before being incubated with anti-Myc (9E10; Cell Signaling Technology) or antibody to immunoglobulin-associated-β (AT107-2; Serotec) conjugated to protein G Sepharose beads. Beads were washed extensively with lysis buffer before being resuspended in 2× Laemmli buffer and analyzed by immunoblot. Nonreducing conditions were used to avoid overlap of immunoglobulin-associated-β and HVCN1 bands with light chains derived from the antibodies used for the immunoprecipitation.
Detection of ROS.
Mouse B cells were prewarmed at 37 °C before addition of the chemiluminescent reagent Diogenes (National Diagnostics). After 10 min of incubation at 37 °C, phorbol 12-myristate 13-acetate (1 µM) or anti-IgM F(ab′) 2 (20 µg/ml; Jackson Immunoresearch) was added to the cells and luminescence was monitored on a luminometer at 5-min intervals. Alternatively, total ROS were measured by incubation of cells for 20 min at 20 °C in the dark with 10 µM DCFDA (2′,7′-dichlorodihydrofluorescein diacetate; Invitrogen). ROS emission was measured at 488 nm on a FACSCanto (BD) with DIVA software. For treatment with rotenone and DPI, cells were incubated with these reagents for 10 min at 20 °C before DCFDA staining. ROS production in the vicinity of BCR was detected by conjugation of an anti-IgM F(ab′) 2 fragment to OxyBURST Green H 2 DCFDA, succinimidyl ester, according to the manufacturer's instructions (Invitrogen). Cells were then incubated for 30 min on ice with F(ab′) 2 anti-IgM (20 µg/ml), then were washed and allowed to become activated at 37 °C. ROS emission was measured at 488 nm on a FACSCanto (BD) with DIVA software.
Ca 2+ measurement. Ca 2+ mobilization in splenic wild-type and HVCN1-deficient B cells was measured as described 53 .
Oxidation of SHP-1. SHP-1 oxidation was analyzed as described 29 , except in place of incubation with pervanadate for 1 h at 4 °C, samples were incubated with 0.4 mM PEO-iodoacetyl-biotin (PEO-IAA; Pierce). Oxidized immunoprecipitated SHP-1 was detected with horseradish peroxidase-streptavidin (GE Healthcare).
Oxygen consumption and glycolysis. The oxygen consumption rate and extracellular acidification rate were measured with a XF24 analyzer 36 according to the manufacturer's recommendations (Seahorse Bioscience). Cells were activated for 24 h with F(ab′) 2 anti-IgM and were cultured in a humidified incubator at 37 °C.
Additional methods. Information on the detection of pH in BCR-containing endosomes and on plasmids and retroviral infection is available in the Supplementary Methods online.
Statistical analysis. Student's t-test was used for statistical analysis unless otherwise specified. The software GraphPad Prism 5 was used for this analysis. 
